INTRODUCTION
When a monkey's saccades repeatedly overshoot their targets they become smaller, and thus more accurate, within 1000 -2000 saccades (Straube et al., 1997) . We and others study this reduction in saccade size because it is a tractable example of motor learning, or adaptation, in a voluntary movement.
Saccades adapt to remain accurate when the oculomotor system changes optokinetic response (OKR) in mice for 4 days produces changes that are larger and more persistent than those after adapting for only 1 day (Shutoh and Nagao, 2003) .
The work described here tests whether or not a long-term saccade adaptation system exists in monkeys. We found that long-term training elicits saccade adaptation that is significantly slower and longer lasting than the adaptation that occurs within 2000 saccades. Further, this long-term saccade adaptation (LTSA) does not interfere with short-term adaptation. This indicates that LTSA uses a brain mechanism that is functionally separate from that of short-term saccade adaptation (STSA). We have published a preliminary report on these findings (Robinson et al., 2004) .
METHODS

Subjects and animal preparation
The subjects in these experiments were three juvenile male rhesus monkeys (Macaca mulatta), monkeys 1, 2, and 3, that were 4 -6 kg. In a sterile surgical procedure we secured plastic stabilization hardware to a monkey's skull with titanium screws and dental acrylic as well as a mount for blindfolding goggles described below. We also implanted a 3 turn coil of Teflon-coated wire in one eye connecting wire's ends to a plug attached to the top of the monkey's skull. During surgery we anesthetized the monkeys with Isoflurane inhalation anesthesia, warmed them, and monitored their vital signs. Monkeys recovered overnight in a heated, padded cage and then remained in their home cage for a week before training started.
Animal training
We used the search coil technique (Fuchs and Robinson, 1966; Robinson 1963 ) to measure horizontal and vertical eye position. We trained monkeys to use saccades to track a small (0.3°) red laser spot projected onto a screen 57 cm in front of them. A computer determined the position of the spot by controlling two mirror galvanometers. The monkey and screen were in a lighttight sound-attenuating booth that was dark except for the target spot.
During training and data collection a monkey fixated on the target spot for a random time 1 -2 seconds. After that, the spot made a rapid, brief (< 10 ms) movement to a new location. If the monkey made a saccade that ended within 2@ of the target within 500 ms then it received a dollop of applesauce from a feeding tube near its mouth. The target moved again after 1 -2 seconds.
Eliciting short-term saccade adaptation (STSA)
To adapt a monkey's saccades we used the now common technique, first used by McLaughlin (1967) , of moving saccade targets during each movement.
As monkeys tracked brief 16@ horizontal target movements we detected each saccade with dedicated electronics (eye velocity >70°/sec). The occurrence of a saccade triggered a brief target movement back toward the starting position of the saccade. Intra-saccade target movements made saccades seem to end beyond their targets so that monkeys made a corrective saccade after a normal saccade reaction time of 120 -250 ms. We used backward intra-saccade target movements that were either 40% (6.4@) or 50% (8@) of the size of the initial 16@ target movement. We adapted saccades to both leftward and rightward target movements. Adapting saccades in one direction does not influence saccades in the opposite direction (Albano, 1996; Deubel et al., 1986; Frens and van Opstal, 1997; Miller et al., 1981; Straube et al., 1997; Weisfeld, 1972 ) so we treated saccades in each direction as parts of two independent adaptations.
Eliciting long-term saccade adaptation (LTSA)
The monkeys adapted during one session/day. During each session they made ~1000 -3000 saccades to 16° horizontal target movements that were each followed by backward intra-saccade target movements. After each day's adaptation we blindfolded the monkey. We used opaque goggles formed to fit the monkey's face. Monkeys tolerated the goggles very well. They exhibited no signs of distress, fed themselves, climbed easily into and out of their cages, and moved around their home cages without difficulty.
Before the next day's adaptation we placed the monkey in the experimental booth and removed its goggles immediately before closing the door. Thus, nearly all of the monkey's visually guided saccades were to targets that moved backward during the movement. The only exceptions were the saccades that the monkey made at the beginning and end of each adaptation session between the time we removed the goggles and closed the booth door.
This represented a total of <2 minutes/session. After a monkey had adapted for 19 days we used the next few days to make several measurements, including a test of short-term adaptation after longterm adaptation. During this test we attempted to elicit an additional 40% reduction in saccade size in Monkeys 1 and 2 and an additional 50% reduction in Monkey 3. These tests were complete on day 22 in Monkeys 1 and 2 and on day 23 in Monkey 3. We then began presenting normal 16° target movements, i.e., those not followed by intra-saccade movements, during each day's session in the booth. We continued this for the number of days necessary for the size of the monkey's saccades to recover to normal.
During the first 14 days of LTSA we trained a monkey 7 days/week. After that we trained it 6 days/week leaving it blindfolded in its cage 1 day/week.
Since these 1-day interruptions occurred late in the long-term adaptation they had only a very small effect on saccade gain, i.e., gain was nearly identical to immediately before and after the interruption.
Data collection and analysis
We digitized horizontal and vertical eye and target position at 1 kHz and recorded them on a computer hard drive with a CED Power 1401 laboratory interface. Eye and target position records were digitized voltages produced by the search coil system and galvanometer feedback, respectively. We used a custom-made program written in Spike 2 (Cambridge Electronic Design) to search the eye position record in the period between 100 and 700 ms after a target movement. When the program detected an eye velocity >70@/ sec it examined the eye record before and after that point and identified the points in the record where eye velocity had increased or decreased to 20@/sec, respectively. These points were the beginning and end of the saccade. The program used these points to measure saccade size and duration. We stored the saccade measurements and exported them to commercial programs (e.g., Matlab and Excel) for statistical comparisons and making illustrations.
We expressed saccade size as gain, i.e. the size of the saccade divided by the target movement size, and assessed each day's percent gain reduction with two measures. We calculated relative percent gain reduction using the mean gain of the first 50 and last 50 saccades each day with the following equation (equation 1).
Percent gain change = 100 X (Mean gain of the first 50 saccades -Mean gain of the last 50 saccades) (eq. 1) Mean gain of the first 50 saccades This measure slightly underestimated the size of the gain change in the early days of LTSA. At the start of these days saccade gain fell rapidly within the first 50 saccades. Therefore, the mean gain of the first 50 saccades was lower than that of the first few saccades of the day.
We assessed absolute gain change by first fitting a decaying exponential curve to the relationship between saccade gain and sequential trial number. We used two-tailed students t-tests and considered any p-value less than 0.05 to be significant. 
RESULTS
We adapted the saccades of Monkeys 1 and 2 to 16@ leftward and rightward target movements by presenting 40% (6.4@) backward intra-saccade target movements. We adapted Monkey 3's saccades to these targets with 50%
(8@) backward movements. We used larger intra-saccade target movements for Monkey 3 because, unlike most monkeys whose saccades we have adapted in our laboratory (e.g., Straube et al., 1997; Seeberger et al., 2002; Robinson et al., 2003) , Monkey 3 adapted effectively to 50% backward intra-saccade target movements. As we explain below, it was important to produce gain reductions that were as large as possible during 1 day of training.
Gain change during long-term saccade adaptation and long-term recovery
LONG-TERM ADAPTATION. Figure 1 shows the gain of leftward saccades for all three monkeys during the first 5 days a 19 day adaptation. The gain reductions of leftward and rightward saccades were similar, though not identical.
For brevity, we show the gains of only leftward saccades here and in the other figures. Table 1 summarizes saccade gain changes during the first two days of adaptation and recovery. Figure 1 and Table 1 near here During the first several days of adaptation the mean gain of saccades in all three monkeys was smaller at the beginning of each day than it was at the beginning of the previous day. In Monkey 1 ( LONG-TERM RECOVERY. Figure 2 shows the gains of leftward saccades in all three monkeys during recovery from the long-term saccade adaptation illustrated in Figure 1 . On the first day of recovery saccade gain increases quickly. Overnight, however, this gain increase decayed so that gains at the start of the second day of recovery were lower than at the end of the first day. This pattern was the same for all monkeys and repeated each day with gain increasing toward normal during recovery but decreasing overnight. In general, the size of the overnight decay decreased with increasing days of recovery.
By the end of recovery mean saccade gain had returned to near normal.
Saccade gain at the end of recovery was higher than at the start of adaptation.
This was true for all three monkeys and for leftward and rightward saccades, with one exception (Monkey 2, rightward saccades). This is probably because our measurement of gain at the start of adaptation i.e., the mean of the first 50 saccades of adaptation was below normal gain because gain was decreasing quickly at the start of adaptation. Figure 2 and Table 2 near here During Monkey 3's first adaptation, which we elicited with 50% backward intra-saccade target movements, the gain of Monkey 3's saccades decreased from 0.84±0.06 to 0.61±0.07 (from a mean saccade size of 13.4° to 9.8°). This is a 27.4% relative reduction and 0.32 absolute gain change (left panel of Fig.   4G ). Increasing the size of the intra-saccade target movement another 50% decreased gain again to 0.55±0.06 (to a saccade size of 8.8°). This is an 11.3%
Rates of long-term saccade adaptation and recovery
relative reduction and a 0.06 absolute gain reduction (right panel Fig. 4G ).
Note that in Monkey 3 saccade size increased briefly by a small amount immediately after we increased the size of the intra-saccade target movement.
During previous short-term saccade adaptation we have occasionally observed similar small, brief gain increases immediately after we change something about the adapting stimulus. We currently do not know why these small, transient gain increases occur.
Much larger gain reductions occurred when we increased the size of the intra-saccade target movement after a long-term adaptation. After 19 days of training the gains of leftward saccades in Monkeys 1 and 2, which we had adapted with 40% backward intra-saccade target movements had stabilized near 0.6, and those of Monkey 3, adapted backward 50%, were near 0.5 (left panels in Figs. 4B, 4E and 4H). We then increased the size of intra-saccade target movements another 40% in Monkeys 1 and 2 and another 50% in Monkey 3. On day 20 Monkey 1's gain decreased from 0.59±0.05 to 0.46±0.06 (from a mean size of 9.4° to 7.4°) a 22% relative reduction and 0.14 absolute gain change (right panel Fig. 4B ). Monkey 2's gain decreased from 0.62±0.06 to 0.4±0.03,
(from a mean size of 9.9° to 6.4°) a 35.5% relative reduction and a 0.25 absolute gain change (right panel Fig. 4E ). Monkey 3's gain decreased from 0.45±0.05 to 0.31±0.06 (from a mean size of 7.2° to 5°) a 31.1% relative reduction and 0.32 absolute gain change (right panel Fig. 4H ).
The additional adaptation that the monkeys produced on day 20 is similar to normal STSA in size and rate. We characterized normal STSA by adapting monkeys from an unadapted state with the same post-saccade visual stimulus that they saw on day 20. Specifically, Monkeys 1 and 2 tracked 9.6° target movements with a 40% backward intra-saccade target movement that put the target 5.8° from its initial position. Monkey 3 tracked 8° target movements with 50% back-steps that brought the target to 4° from its starting position.
In Monkey 1 40% backward intra-saccade target movements caused saccade gain to decrease from 1.00±0.06 to 0.83±0.07 (from a mean size of 9.6°
to 8°), a 17% relative reduction and 0.18 absolute gain change (Fig. 4C ). This is a smaller relative gain change (17% vs 22%) but larger absolute gain change (0.18 vs 0.14) than Monkey 1 exhibited on day 20. In Monkey 2 40% backward intra-saccade target movements caused saccade gain to decrease from 0.95±0.04 to 0.74±0.07 (from a mean size of 9.1° to 7.1°), a 22.1% relative reduction and a 0.28 absolute gain change (Fig. 4F) 
DISCUSSION
The main finding of the work described here is that 19 days of training produces an adaptive reduction in saccade size that is distinct from that caused by only 1 day of training. The reductions in saccade size caused by 19 days of training are significantly larger and longer lasting than those caused by 1 day of training. In addition, long-term training does not interfere with short term training.
Proposal for distinct short-and long-term adaptation mechanisms
We propose that there are distinct short-and long-term saccade adaptation mechanisms. The short-term mechanism is labile. It adapts saccades rapidly but its effects decay rapidly. The long-term mechanism is more sluggish. It adapts saccades slowly and its effects decay slowly. The operation of distinct short-and long-term saccade adaptation mechanisms can account for the fact that LTSA does not interfere with STSA and also for the pattern of saccade gain changes that all three monkeys exhibited during LTSA and recovery from LTSA.
LTSA DOES NOT INTERFERE WITH STSA. Previous work shows that even
very effective short-term training in monkeys reduces saccade size to ~40% -60% of normal (Robinson et al., 2003) . Therefore a 1-day adaptation that changed saccade size by about this amount depletes much of the adaptive capacity of the short-term mechanism. We assert that this is what happened during the first part of the 1-day adaptations illustrated in the left panel of Figures   4A , 4D, and 4G and the top of Table 3 . This large initial adaptation depleted much of the adaptive capacity of the short-term saccade adaptation mechanism.
The small remaining capacity allowed only a relatively small further gain reduction when we increased the size of the intra-saccade target movement.
In our view, after 19 days of training the long-term mechanism maintained adapted saccade gain. The short-term mechanism does not need to participate and has returned to its unadapted state. From this state it can produce normal short-term adaptation even though saccade gain is already strongly adapted and very low. This is why all three monkeys produced an apparently normal additional gain reduction when we increased the size of the intra-saccade target movement.
PATTERN OF GAIN CHANGES DURING LTSA AND RECOVERY FROM LTSA.
On day 1 of a 19-day adaptation in all three monkeys the short-term mechanism reduced saccade gain substantially but some of this change decayed overnight.
We assert that this overnight decay of adaptation moved saccade gain toward the gain set by the long-term mechanism. Near the start of a long adaptation the gain set by the long-term mechanism was nearly normal. The long-term mechanism adapted slowly and had reduced saccade gain only a small amount by the start of day 2. As the number of days of adaptation increased, the gain set by the long-term mechanism slowly decreased. This decrease caused the size of overnight gain decay to decrease because gain decayed toward a lower and lower value. Little or no overnight decay occurred late in adaptation because by then the short-term mechanism contributed little or nothing to the adapted gains.
On day 1 of recovery, the short-term mechanism increased saccade gain rapidly. Some of this gain increase decayed overnight so that gain moved back toward the low value set by the long-term mechanism during the preceding longduration adaptation. As the number of days of recovery increased, the gain set by the long-term mechanism increased. As the gain set by the short-term mechanism decayed toward a higher and higher value, the size of the overnight gain change decreased.
Brain areas implicated in STSA and LTSA
STSA. STSA depends critically on the posterior-medial region of the cerebellum. This region includes the oculomotor vermis (OMV; Noda and Fujikado, 1987) , and the area in the caudal part of the fastigial cerebellar nucleus that receives a large projection from the OMV (Yamada and Noda, 1987) . We call this nuclear area the caudal fastigial nucleus (CFN). The axons of CFN neurons project to elements of the saccade burst generator in the brainstem (Noda et al., 1990; Scudder et al., 2000) . Thus, CFN neurons relay saccade-related signals out of the cerebellum to the oculomotor system.
Recording and lesion data implicate both the OMV and CFN in STSA.
The saccade-related signals that the cerebellum sends to the oculomotor system via CFN neurons change roughly in parallel with changes in saccade size during developing STSA (Inaba et al., 2003; Scudder and McGee 2003) . Lesions of the OMV (Optican and Robinson 1980; Takagi et al., 1998; Barash et al., 1999) abolish STSA. Inactivation of the CFN with direct injections of muscimol also blocks changes in saccade size during adaptation. After the muscimol dissipates and, presumably, CFN activity returns to normal, saccades are adapted (Robinson et al., 2002) .
We interpret this to mean that adaptation occurs upstream from the CFN, perhaps in the OMV. Activity in the CFN relays the adapted signals that formed upstream to the oculomotor system. Supporting this interpretation are our preliminary findings that inactivating the OMV blocks saccade adaptation and erases the effect of previous adaptation (Robinson and Noto, 2005) . Assuming that we can generalize these findings to saccade adaptation and other motor learning, we can ask what structures outside the cerebellar cortex could support long-term adaptation? The necessary structure(s) could be within the cerebellum. Raymond et al. (1996) propose that motor adaptation occurs first in the cerebellar cortex and then in the cerebellar nuclei. It is possible that activity in the cerebellar nuclei supports long-term adaptation because these nuclei exhibit a variety of adaptive mechanisms (Hansel et al., 2001 ).
Structures outside the cerebellum may also support long-term adaptation.
For example, during long-term adaptation of rat limb movements, the synapses made in the thalamus by axons of neurons in the cerebellar nuclei become more numerous and stronger (Aumann and Horne 1999) . In short, until we have more information about the neural mechanisms underlying LTSA the only basis we have for speculation is the analogy to the VOR indicating that LTSA may not rely on the OMV.
A simple model of short-and long-term adaptation
Despite not knowing what brain areas support LTSA we implemented a simple computational model to determine if we could use a combination of fast-and slow adaptation mechanisms to reproduce the characteristic pattern of saccade gain that monkeys exhibit during LTSA. Consistent with our proposal, our model used two distinct adaptation mechanisms, one with a relatively short time constant and one with a long time constant. Figure 5A shows a schematic representation of the model. We propose that the short-term mechanism is in the OMV. We do not know the location of the long-term mechanism. It may be distributed within several structures and employ several different learning mechanisms.
Figure 5 near here
The model produced saccade gains during a 19-day 50% backward adaptation, like the adaptation task that we presented to Monkey 3. Below is a summary of the model's operation.
At 1 in Figure 5A , a target appears 16° to the right or left of current eye position. This elicits a command at 2, the saccade system. This command consists of the drive to the 16° target and a reduction in that command whose size is set by the state of the long-term adaptation system. At 3, this command is reduced again by an amount set by the state of the short-term adaptation system. At point 4 we add noise to the twice-reduced saccade command. This noise mimics the variability that we and others observe in saccade gain both normally and during adaptation. At 5 the reduced and noisy command moves the eye with a saccade. We calculate the gain (saccade size/target distance) of each saccade at 6. Point 7 displays saccade gain.
During each saccade the target moves 50% of the distance back toward the eye's initial position so that the eye seems to have overshot its goal that is now only 8° from the initial eye position. We set the final position of the target at integrators, respectively, to the states of these systems at the start of adaptation, a value that we set at 14 to zero.
Two features of this model are particularly important in creating the characteristics of its output. First, the integrator for the short-term system, at 10, is leaky. The signal that it accumulates decays exponentially with a rate constant of 500 saccades. Second, larger visual errors produce larger input signals to both integrators. Thus, as adaptation progresses and error size decreases, the model reaches a point at which the signal in the short-term integrator is saturated and does not increase further. The signal in the long-term integrator continues to grow. As error size continues to decrease, the influence of the leakage from the short-term integrator becomes larger than the influence of the error. Therefore the value accumulated in the short-term integrator starts to decay while that in the long-term integrator continues to grow. The average gain at which the model reaches this point, after 1500 saccade, is ~0.75 on day 1. The gain at which the model reaches this point falls slowly with increasing days of adaptation because the output of the LTSA integrator increases as it slowly accumulates the small effect of many post-saccade error signals.
To simulate overnight STSA decay this model makes 1500 saccades with zero post-saccade error after every day of adaptation. We toggle the switch at 15 so at the end of every day's adaptation so that error size is 0, a value that we set at 16.
Many, but not all, features the saccade gains produced by this model resemble those produced by Monkey 3 ( Figure 1B ) and its tests of STSA after previous adaptation ( Figures 4G -4I ). Figure Figures 5D -5F show the model's performance during adaptation preceded by either short-term ( Figure 5D ) or long-term (5E) training. As in Monkey 3's adaptations under the same conditions ( Figures 4G and 4H ), an initial short-term adaptation precludes a second normal short-term adaptation.
Unlike Monkey 3's gains however, those produced by the model continue to decease slowly during the second adaptation. By day 19 saccade gains have fallen nearly, but not quite to, 0.5 (left panel Figure 5E ). On day 20 apparently normal short-term adaptation occurs. The similarity of the model's and Monkeys 3's performances indicate that distinct short-and long-term adaptation mechanisms can account for the pattern of saccade gains that we observed in our monkeys during LTSA.
Size-decreasing and size-increasing saccade adaptation
Above we show evidence that size-decreasing LTSA exists. It is important to remember this evidence tells us little about size-increasing LTSA.
Though it seems likely that size-increasing LTSA plays some role in recovery from size-decreasing LTSA it is premature to infer anything about it from recovery data alone. Size-increasing LTSA may exhibit characteristics different from those of size-decreasing LTSA. This is plausible because size-increasing STSA is different from size-decreasing STSA, i.e., it is slower and smaller (Straube et al., 1997; Robinson et al., 2003) . Further, there is now evidence from both VOR adaptation (Boyden and Raymond, 2003) and saccade adaptation (Kojima et al., 2004 ) that size-increasing and decreasing adaptation use separate mechanisms.
Advantages of distinct short-term and long-term adaptation mechanisms
An adaptation system employing separate short-and long-term mechanisms is more capable than a system relying on either mechanism alone.
When a movement is repeatedly inaccurate, the short-term component will provide rapid adaptation to improve movement accuracy. When the need for adaptation persists, the long-term component will produce enduring changes to keep movements accurate over the months and years after the need for adaptation first arose. In this view, the short-term mechanism that we currently associate with the cerebellum does not provide permanent repair of movements.
Instead it supplies rapid first-aid to make errant movements more accurate until the long-term mechanism can make enduring repairs.
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